The local structure of CeTe 3 in the incommensurate charge density wave (IC-CDW) state has been obtained using atomic pair distribution function analysis of x-ray diffraction data. Local atomic distortions in the Te nets due to the CDW are larger than observed crystallographically, resulting in distinct short and long Te-Te bonds. Observation of different distortion amplitudes in the local and average structures is explained by the discommensurated nature of the CDW, since the pair distribution function is sensitive to the local displacements within the commensurate regions, whereas the crystallographic result averages over many discommensurated domains. The result is supported by STM data. This is the first quantitative local structural study within the commensurate domains in an IC-CDW system. Incommensurate charge density waves (IC-CDWs) are a fundamental property of low-dimensional metals [1] and also underlie the novel properties of correlated electron oxides such as cuprates in the pseudogap state [2] [3] [4] and manganites at high doping [5] . Knowing the nature of local atomic displacements (Peierls distortions) in the IC-CDWs is crucial to understanding such factors as electron-lattice coupling [6] , yet this information is difficult to obtain quantitatively. Here we solve this problem by taking the novel approach of using a local structural method, the atomic pair distribution function (PDF) technique [7] , to determine the local atomic displacements with high precision in the system CeTe 3 . IC-CDWs, and the underlying atomic displacements, can be uniform incommensurate modulations or locally commensurate waves separated by narrow domain walls, known as discommensurations [8] , where the phase of the wave changes rapidly. Here we show that the IC-CDW in CeTe 3 is discommensurated and obtain for the first time the quantitative local atomic displacements within the commensurate domains.
Incommensurate charge density waves (IC-CDWs) are a fundamental property of low-dimensional metals [1] and also underlie the novel properties of correlated electron oxides such as cuprates in the pseudogap state [2] [3] [4] and manganites at high doping [5] . Knowing the nature of local atomic displacements (Peierls distortions) in the IC-CDWs is crucial to understanding such factors as electron-lattice coupling [6] , yet this information is difficult to obtain quantitatively. Here we solve this problem by taking the novel approach of using a local structural method, the atomic pair distribution function (PDF) technique [7] , to determine the local atomic displacements with high precision in the system CeTe 3 . IC-CDWs, and the underlying atomic displacements, can be uniform incommensurate modulations or locally commensurate waves separated by narrow domain walls, known as discommensurations [8] , where the phase of the wave changes rapidly. Here we show that the IC-CDW in CeTe 3 is discommensurated and obtain for the first time the quantitative local atomic displacements within the commensurate domains.
In the case of incommensurate CDWs, superlattice peaks observed crystallographically yield the average distorted structure. Except in the cases where the domains are periodically arranged, giving rise to satellite peaks [9] , it is not possible to determine whether the underlying CDW is truly incommensurate or forms a discommensurated structure with commensurate regions separated by domain walls [8] . A number of techniques have been successful at differentiating between the truly incommensurate and discommensurated cases. The earliest verification of a discommensurated phase came from photoemission spectroscopy evidence that the Ta 4f states in 1T-TaS 2 had the same splitting in the commensurate and nearly commensurate states [10] . Photoemission is a local probe and found distinct Ta environments rather than a broad continuum expected from a purely incommensurate state. Similarly, another local probe, nuclear magnetic resonance (NMR), found distinct Knight shifts for three Se sites in the incommensurate state of 2H-TaSe 2 , similar to the commensurate phase [11, 12] . High resolution atomic imaging methods have also contributed to this debate. The strain fields due to the domain walls were observed in dark field transmission electron microscopy measurements [13] . Interestingly, atomic resolution images in real space have difficulty in resolving discommensurated domains [14 -17] . However, Fourier analysis of scanning tunneling microscopy (STM) images can be a reliable measure, as discussed in detail by Thomson et al. [18] .
As in the case of the NMR and photoemission studies, the PDF approach described here makes use of the fact that the local structure deviates from the average in the discommensurated case. By comparing atomic displacements determined from the PDF with those determined crystallographically, we establish the presence of commensurate domains but, crucially, also obtain quantitatively the atomic structure within these domains. This novel approach is applied here to the incommensurate phase of CeTe 3 .
In its undistorted form, CeTe 3 takes the NdTe 3 structure type with space group Cmcm [19] . It forms a layered structure with ionic Ce 3 2 Te 2ÿ 2 2 layers sandwiched between two Te ÿ layers. These sandwich layers stack together with weak van der Waals forces to form the threedimensional structure. Te ions in the Te ÿ layers form a square net with 3.1 Å Te-Te bonds. The structure is shown in Fig. 1(a) . The electronic bands crossing the Fermi level are Te p bands from the 2D square nets [20] , and the CDW forms in these metallic layers. In the CDW state, an incommensurate superlattice is observed [20, 21] , with a wave vector characteristic of a strong Fermi-surface nesting vector in the electronic structure [22 -25] . This is a surprisingly stable and simple single-q IC-CDW state in an easily cleavable 2D square net, making the RTe 3 (R denotes rare earth metal) systems ideal for studying the IC-CDW state [20] . The atomic distortions giving rise to the superlattice have been solved crystallographically from single crystal x-ray diffraction data [21] . The incommensurate wavelength of the distortion is close to 25a=7, where a is the lattice parameter of the undistorted phase. The distorted structure is in the Ama2 space group [21] . From the crystallography alone, it is not possible to determine whether this distorted structure is truly incommensurate or whether discommensurations form between short-range commensurate domains.
The x-ray PDF experiment was conducted on a fine powder of CeTe 3 prepared as described in Ref. [21] . CeTe 3 powder was loosely packed in a flat plate with thickness of 1.0 mm sealed with kapton tape. Care must be taken when grinding this material or turbostratic disorder is introduced, significantly modifying the stacking of the layers. Diffraction data were collected at 300 K using the rapid acquisition pair distribution function technique [26] . Standard corrections [7, 26] were made using the program PDFGETX2 [27] to obtain the properly normalized total scattering function SQ [7] , which was truncated at Q max of 25 A ÿ1 before Fourier transforming to obtain the PDF Gr 2 R 1 0 QSQ ÿ 1 sinQrdQ. Structural models are fit to the data using the program PDFFIT [28] .
The PDF of CeTe 3 , measured at room temperature, is shown in Fig. 1(b) . The PDF gives the probability of finding an atom at a distance r away from another atom. The nearest neighbor peak around 3.1 Å comes from the Te-Te bond in the nets and the Ce-Te bond in the intergrowth layers. This is shown on an expanded scale in Figs. 1(c)-1(e). A shoulder is evident on the low-r side of the peak. This feature is robust; it is much larger than the statistical and systematic errors and is reproduced in measurements of isostructural compounds NdTe 3 and PrTe 3 . Figure 1 (c) shows the fit to this peak of the undistorted crystal structure model (Cmcm), where only symmetry allowed atomic positions and isotropic thermal factors were refined. The result clearly does not explain this shoulder which originates from short Te-Te bonds in the Te net. Surprisingly, however, the PDF calculated from the distorted structure determined crystallographically [21] also does not explain this shoulder well. In this case, the atoms were fixed at the crystallographically determined positions and isotropic thermal factors were refined. This resulted in a better fit to the first peak [ Fig. 1(d) The large fluctuation in the difference curve in Fig. 1 (c) arises because the real distribution of Te-Te bond lengths in the data is broader than in the undistorted model. This fluctuation in the difference curve is smaller in Fig. 1(d) because the distortions of the Te net in the Ama2 crystallographic model result in a broader Te-Te bond-length distribution. However, clearly the distorted-crystallographic model still has a Te-Te bond-length distribution that is narrower than in the data. We therefore refined the Te-net distortions directly in the PDF by allowing the atomic positions in the model to vary. The model was constrained to have the Ama2 symmetry, and the same unit cell was used as in the distorted-crystallographic model. The refinement result for 2:5 < r < 6:37
A is shown in Fig. 1(e) . As well as giving a significantly better fit to the low-r region of the PDF, this refinement resulted in much smaller and more physical thermal factors on the planar Te ions.
The model of the local structure refined from the PDF gives a broader range of Te-Te bond lengths (from 2.83 to 3.36 Å ) than the crystallographic distorted model (from 2.94 to 3.26 Å ). It is also interesting to see the shape of the bond-length distributions for the Te-Te bonds in the Te nets from these two models. These are shown in Fig. 2 . The dark (blue) solid line shows the bond-length distribution refined from the PDF, and the light (red) line is the distribution from the crystallographic model [21] . For direct comparison, the distributions are plotted using the same thermal broadening of 0:007 A 2 . The distorted-crystallographic model has broad but symmetric and Gaussian bond-length distribution coming from the continuous distribution of TeTe bond lengths in the average IC-CDW. On the other hand, the local structure refinement (r max 6:37 A) yields a bond-length distribution that is clearly bimodal and is separated into distinct ''short'' and ''long'' Te-Te distances. This is emphasized in Fig. 2(b) , where we show a fit of two, well separated, Gaussian curves to the PDFrefined bond-length distribution. This behavior is charac- teristic of oligomerization with Te forming bonded and nonbonded interactions with its neighbors in the net [29] that would be expected in a commensurate structure. Since we know that the modulation is incommensurate on average, this is strong evidence that the structure consists of commensurate domains separated by discommensurations. As r max in the PDF refinements is increased, the PDFrefined distribution crosses over towards the crystallographic result and by r max 27:1 A, resembles it rather closely [ Fig. 2(d)] .
We have applied STM on the exposed Te net of a cleaved single crystal of CeTe 3 , grown according to the method described in Ref. [21] . Measurements were done at 300 K in the constant current mode of the STM. Data were acquired with a bias voltage of 100 mV and with a tunneling current of 0.6 nA. Figure 3(a) shows a representative atomic resolution image with the CDW modulation clearly visible oriented at 45 to the net. To investigate the images for discommensurations, we examine the corresponding two-dimensional Fourier transform, shown in Fig. 3(b) . As indicated by the labels, in addition to the fundamental CDW peak (1), four more peaks lie along the CDW direction (2)-(5). Although the transforms of real-space images resemble diffraction data, symmetry requirements intrinsic to diffraction data do not apply. As demonstrated by Thomson and co-workers, the Fourier transforms of STM images that exhibit true discommensurations always have extra peaks in proximity to the fundamental CDW peak [18] . This arises from the fact that a discommensurate CDW can be expressed as the product of a uniformly incommensurate CDW and a modulation envelope [18] . The wavelengths of the envelope are given by the differences in the wave vectors of closely spaced peaks. The longest such wavelength in our images is 38 Å , corresponding to peaks 2 -3 and 3-4 in the Fourier transform, indicating that a discommensuration separation of this length scale exists. This is consistent with the refined PDF behavior, which crosses over from the local to the average behavior for a refinement range of around 27 Å (Fig. 2) , which would be expected to occur at around, or a little above, the radius of the local domains.
As well as the bond-length distributions, the local and average structure refinements allow us to study the patterns of atomic displacements due to the IC-CDW. The average structure refinement [21] results in an almost perfectly The Fourier transform of the STM data. To achieve a high signal-to-noise ratio, the transform represents the average of 24 images (each image was 27 27 nm). The unprocessed transform image shows enhanced noise along the vertical axis, an artifact due to the scan direction. This noise was removed to better resolve the peaks near the origin. The square Te net gives rise to four distinct peaks (L), with peaks related to the CDW oriented at 45 , as indicated by the arrow. The fundamental CDW peak (corresponding to a wavelength of 15 A) and the =2 harmonic are labeled 1 and 3, respectively. Peaks 2 and 4 are in close proximity to 3, implying a characteristic discommensuration length of 38 Å , as described in the text. Peak 5 corresponds to the diagonal of the Te net. This component may be enhanced due to the underlying crystal structure; the CDW-lattice interaction may also enhance this peak. sinusoidal pattern of bond lengths, with the wavelength of the CDW [ Fig. 4(a) ], clearly identifying these as Peierls distortions. The local structural model was refined in the same unit cell and space group but results in a much more square-wave-like distribution, consistent with the distinct short and long Te-Te distances described above [ Fig. 4(b) ]. Figure 4 (c) shows the pattern of Te-Te short bonds, as defined in the figure caption, that results when the short distances determined from the PDF data are plotted in the unit cell. In this way, the Peierls distortions are seen to result in oligomers, or short segments of bonded Te atoms, in the Te net. In this picture, the discommensurations occur when the pattern of oligomers has defects. This is a common picture in the chemistry literature [21, 30] , though we note that this picture is not supported by the crystallographic results shown in Fig. 4(a) and needed the application of a local structural method to show that it has a physical reality beyond its heuristic value.
The refined parameters of the low-r max PDF refinements yield quantitatively the atomic displacements within the commensurate domains. This is the first demonstration of the use of the PDF to obtain quantitatively the atomic displacements (Peierls distortion) within the commensurate domains of a discommensurated IC-CDW. This opens the way to a quantitative first-principles calculations and a better microscopic understanding of the IC-CDW state. Fig. 2(b) and has a width of one standard deviation of that Gaussian.
